Our understanding of the relationships between genes, brains, and behaviors has changed a lot since the first behavioral mutants were isolated in the fly bottles of the Benzer lab at Caltech (1), but Drosophila is still an excellent model system for studying the neurobiology of behavior. Recent advances provide an unprecedented level of control over fly neural circuits. Efforts are underway to add to existing GAL4-driver lines that permit exogenous expression of genetic tools in small populations of neurons. Combining these driver lines with a variety of inducible UAS lines permits the visualization of neuronal morphology, connectivity, and activity. These driver lines also make it possible to specifically ablate, inhibit, or activate subsets of neurons and assess their roles in the generation of behavioral responses. Here, I will briefly review the extensive arsenal now available to drosophilists for investigating the neuronal control of behavior. [BMB reports 2009; 42(11): 705-712]
INTRODUCTION
Although it has long been clear that the brain is the seat of emotion and behavior, until recently the brain's extreme complexity has kept the study of behavior a largely descriptive rather than an explanatory pursuit. Human brains are composed of roughly 100 billion neurons that are connected at many trillions of synapses. To achieve a cellular or molecular understanding of human behavior, we must first achieve this level of understanding in less complicated systems. Model organisms allow scientists to experiment with systems of reduced complexity. The vinegar fly Drosophila melanogaster is an excellent model organism for behavioral neurobiology that uses a nervous system with at least 1,000 times fewer neurons than our own to perform a rich array of behaviors.
A fly isolated as a growing embryo until becoming a fully developed adult still knows the ins and outs of being a fly of its particular species. It does not need social input to learn when to wake, when to sleep, when to eat, when to relieve itself, how to walk, how to fly, or even how to court and mate female flies it has never before encountered. Most of the behaviors that define Drosophila are inherited as instincts passed down over generations and hidden in the genetic blueprint that builds the brain of each and every fly.
How is it, though, that these genes "produce" behavior? Behavior is the final output of an evolved nervous system that must integrate sensory stimuli and coordinate an appropriate motor response to those stimuli. Nervous systems are composed of circuits, which are groups of interconnected neurons that serve a particular purpose. While we understand a lot about how genes direct the production of proteins, how different proteins determine specific cellular properties, how cells are organized into tissues, and even a few things about how the cells of the nervous system interact with one another to form specific circuits, the ways the genes an organism inherits affects its behavior are still murky (2) . Behaviors are polygenic traits; many genetic loci interact in complicated ways to influence the development and function of neural circuits.
Despite this complexity, genetic screening for mutations in flies that alter behavior-whether directly or indirectly-has driven tremendous progress (3) . Subsequent mapping of these mutations has led to the discovery of genes expressed in the nervous system. Sets of neurons critical for specific behaviors have been identified by looking at the expression patterns of these genes (4, 5) . Since it is ultimately the neural circuits and not the genes themselves that direct behavior, it is by further identifying and characterizing these circuits in model organisms that we can begin to truly understand how brains generate behavior.
Recent advances in neurogenetics have made it possible, not only to visualize the activity of neural circuits, but also to influence that activity in living animals and assess the resulting changes in behavior. Although other excellent general reviews of the techniques available for visualizing and manipulating neural circuits have recently been published (6), I will attempt to overview the techniques specifically available in Drosophila that make it such an appealing model system for studying the neural basis of behavior. http://bmbreports.org The binary GAL4/UAS genetic expression system. Flies carrying a GAL4 driver transgene express the GAL4 transcription factor in a tissue-specific pattern as directed by a promoter of choice placed upstream of the GAL4 coding sequence. When the driver line is crossed to a strain carrying a UAS effector transgene, GAL4 binds the UAS and drives expression of a genetic tool of choice. (B). Genetic labeling of neuropeptide F-expressing neurons in the adult Drosophila brain. The NPF-GAL4 transgene drives expression of membrane-tethered CD8-GFP in NPF-positive neurons (green). Neuropil is counterstained in magenta with the nc82 antibody. Image courtesy of Nilay Yapici and Leslie Vosshall.
Visualizing neural circuits
The discovery by Brand and Perrimon that the binary GAL4/UAS system from yeast could be moved into flies has proven to be one of the most important advances of Drosophila genetics (7) . Under this system, the promoter of a gene of interest (e.g. neuropeptide F: See Fig. 1B ) is cloned and inserted upstream of the yeast transcription factor gene GAL4. In transgenic animals bearing this construct, the chosen promoter drives GAL4 protein expression in all of the cells that normally express the gene of interest. Since GAL4 has no endogenous targets in Drosophila, GAL4 is only functional when produced in an animal that also carries a transgene bearing the yeast promoter element recognized by GAL4 (i.e. the Upstream Activating Sequence or UAS). By crossing a GAL4 fly strain with a strain carrying a UAS transgene, one of the many genetic tools I will discuss in this review (e.g. a fluorescent marker) can be expressed in all the cells that express GAL4 all the cells that also express our gene of interest (Fig. 1A) .
The potential of the GAL4/UAS system in fly neurobiology was recognized very shortly after its adaptation to Drosophila. If GAL4 strains with adequate neuronal specificity could be generated, they could be used as tools to visualize and manipulate neural circuits (8) . As originally presented, the GAL4/ UAS system was a method for genetic enhancer discovery. GAL4 was inserted randomly into the genome by P elementmediated transgenesis. Individual insertions were then crossed to UAS-reporter strains that could reveal the pattern of gene expression driven by local enhancers (7) . Several groups began generating collections of these "enhancer trap" strains, some of which drove reporter expression in specific parts of the nervous system (9, 10) . Although many fields in Drosophila neurobiology (especially sensory neuroscience, learning and memory, circadian rhythms, and sexual behavior) have greatly benefited from both the target gene-based and enhancer trap methods of generating GAL4 driver strains, the primary limitation in moving forward is still the specificity of available lines for labeling small groups of neurons. Enhancer traps tend to drive expression in large groups of neurons, which are less than ideal for directed studies on specific circuits.
A new initiative led by Gerry Rubin at Janelia Farm aims to address this problem. Efforts are underway to create a new collection of GAL4 lines able to drive expression in small intersecting groups of neurons covering the entire Drosophila nervous system. The strategy Rubin and his colleagues are using combines a core promoter sequence with overlapping fragments of the flanking regions of genes known to have brain-specific expression patterns. Since most genes have several enhancers, each of which drives expression in a subset of the endogenous gene expression pattern, Rubin's team aims to split these enhancers apart to reduce the total number of cells labelled by each genetic reagent. The preliminary results are very exciting. While a random collection of enhancer trap lines each drove expression in a median of 180 cells, a collection of 44 GAL4 lines generated from these enhancer fragments each drove expression in a median of 19 cells (11) . When Rubin's new GAL4 collection becomes available, the brain-specific enhancers that are identified can be combined, not only with GAL4, but with the GAL4 inhibitor GAL80 to further restrict the neuronal population that is being manipulated (12) . These enhancements in GAL4 line specificity will increase the flexibility and power with which neural circuits can be visualized and manipulated, especially when considering the ever-expanding variety of UAS driven tools available to drosophilists.
Visualizing neuronal morphology
Initially, silver staining in the manner of Ramón y Cajal and http://bmbreports.org BMB reports microinjection of impermeable dyes were the mainstays of neuronal visualization. These methods are very difficult to use in flies, however, mainly because of the size of the brain and its neurons. As discussed above, the GAL4/UAS system overcomes this difficulty with genetic labeling. Although this system can drive expression of GAL4 in specific patterns, GAL4 lines must be combined with lines carrying a UAS element upstream of an effector gene to truly become useful. The first of these UAS effectors used in neurons were UAS-lacZ constructs designed to visualize cells expressing GAL4 by staining with the galactose analog X-Gal (7). Now, any number of fluorescent probes can also be chosen and placed under the control of the UAS; green fluorescent protein, red fluorescent protein, and many of their derivatives (XFPs) have all been put to good use in the brains of flies (13) . Both lacZ probes and fluorescent probes can also be modified to alter their subcellular localization. Although unmodified GFP does not label the tiny processes of Drosophila neurons very well, GFP protein fusions to known membrane proteins can reveal the full extent of a neuronal arbor (12) (Fig. 1B) . The CD8-GFP fusion protein has proven an excellent addition to the fly neuroanatomist's arsenal because it tends to fill labeled neurons completely without disrupting normal neuronal function like reporter fusions to the microtubule binding protein Tau (14) . In addition to axonal and dendritic morphology, synapses can also be visualized with GFP fusions to neuronal synaptobrevin (n-syb-GFP), a marker of neurotransmitter vesicles in presynaptic termini (15) . Both CD8-GFP and n-syb-GFP played a role in the mapping of the stereotyped way olfactory receptor neurons expressing specific odorant receptors innervate specific glomeruli in the fly antennal lobe (16, 17) .
Visualizing neuronal connectivity
For those interested in animal behavior, the connections neurons make with one another can be more important than neuronal morphology. Thus, visualizing neuronal connectivity is an important step in developing a full mechanistic understanding of a particular behavior. For the exceptionally simple nervous system of the nematode C. elegans, which has only 302 neurons, serial electron micrographs were used to reconstruct the entire connectome (18) . This high resolution connectivity map was recently used to identify a neural circuit involved in a nematode social feeding behavior (19) . Although serial electron microscopy techniques are improving (20) , with more than 100,000 neurons in the fly brain, generating a complete connectivity map via such a method is still unfeasible.
Progress in mice, however, may soon work its way into the Drosophila toolbox. Using a site-specific recombinase to stochastically choose between the expression of several XFPs, Livet and colleagues were able to generate "Brainbow" mice whose neurons are labeled randomly with nearly 100 distinguishable colors (21) . The adaptation of Brainbow technology to Drosophila for connectivity mapping is reportedly underway (22) . It may not yet be possible to do large-scale connectomics in flies, but this does not mean drosophilists have no way of visualizing neuronal connectivity. As discussed earlier, n-syb-GFP is useful for visualizing presynaptic termini in Drosophila neurons, but it is difficult to confirm whether two different neurons connect to each other using n-syb-GFP alone. Synaptic connectivity can sometimes be inferred from the shapes of overlapping axons and dendrites (23) . This approach worked well in mapping the connections between olfactory neurons and projection neurons because the antennal lobe is nicely organized into non-overlapping globular clusters of neuropil known as glomeruli (24) . This strategy is inadequate, however, when dealing with neuropil that is less organized.
Potential synaptic partners can also be identified by expressing a photoactivatable GFP (25) (PA-GFP) under the control of a pan-neuronal driver such as elav-GAL4. Photostimulation of an area that contains the axon termini of a known group of neurons triggers the local activation of PA-GFP. The subsequently fluorescent PA-GFP can then diffuse through neurons that intersect the area of photostimulation. This strategy was adopted by Datta et al. to trace connections in a sexually dimorphic pheromone responsive circuit (26) . Similar to the inference of synaptic connectivity by neural morphology discussed above, the use of PA-GFP can often be ambiguous because of the size and degree of complexity of Drosophila neuropil.
Ideally, a transsynaptic tracer introduced in a defined neuronal population would allow the identification of connected neurons. In rodents, neurotropic viruses (e.g. the rabies or pseudorabies viruses) that pass in either an anterograde or retrograde way exclusively through synapses can be used to label neurons that are linked in a functional circuit (27) . Unfortunately, neurotropic viruses specific to Drosophila have not yet been identified.
One alternative method for transsynaptically labeling connected neurons uses a plant lectin, wheat germ agglutinin, that can be delivered genetically via the GAL4/UAS system and detected via immunohistochemistry. Wheat germ agglutinin (WGA) spreads both anterogradely and retrogradely. It has been used successfully to trace connectivity in the Drosophila visual system and at the neuromuscular junction (28, 29) . Although it seems to work well in some systems, WGA was not very useful for mapping the connectivity of olfactory projection neurons in the central brain because it spread non-selectively to neighboring cells that were not synaptic partners (30) .
Another more promising method, GFP reconstitution across synaptic partners (GRASP), was recently adapted for use in flies (31) . GRASP, which was first established in C. elegans, uses split-GFP fragments to report on the physical proximity of neuronal membranes (32) . When the split-GFP fragments are expressed in different populations of neurons, they are able to reconstitute functional GFP only when the membranes of those neurons meet predominantly at sites of synapse (Fig. 2) . With its abundance of available neuronal GAL4 drivers, Drosophila was the next obvious model system in which GRASP could be applied for mapping synaptic connectivity. http://bmbreports.org It was not possible, however, to simply construct UAS lines for the two fragments of split-GFP because two distinct driver lines would be necessary. Instead of creating direct promoter fusion lines for every neuronal population of interest, Gordon and Scott solved the problem by taking advantage of a binary genetic expression system (similar to GAL4/UAS) co-opted from bacteria LexA/lexAop (31, 33) . Using the LexA/lexAop system in conjunction with the GAL4/UAS system makes it possible to flexibly express different genetic tools in different sets of neurons. This clever strategy allowed Gordon and Scott to prove that GRASP works in flies by confirming the known synaptic partnership between Or83b-positive olfactory neurons and olfactory projection neurons. When they applied GRASP to a Drosophila taste circuit, they were able to rule out direct synaptic connectivity between known sugar-sensitive gustatory neurons and the motor neurons that they discovered are responsible for a stereotyped proboscis extension behavior (31) .
Visualizing neuronal activity
In addition to being able to visualize neuronal morphology and connectivity, it is also important to have methods for visualizing neuronal activity. Electrophysiology remains the gold standard for gathering precise information about the train of action potentials produced by a given neuron, but electrophysiology has been notoriously difficult in Drosophila. Even in large brains with large neurons, which are much easier to physically manipulate and get stable recordings from than Drosophila brains, electrophysiologists can only record a limited number of neurons at once. A further limitation of Drosophila electrophysiology is imposed by the unipolar morphology of most insect neurons. Because it is larger than other parts of fly neurons, recordings are generally made in the neuronal soma, which may not actually participate in action potential generation (34) . These inherent difficulties have hampered attempts at central brain recordings in Drosophila. In fact, it was only within the last five years that central brain recordings of defined sets of tiny Drosophila neurons in tiny Drosophila brains have been successful, thanks in part to the GAL4/UAS system. Wilson et al. used an enhancer trap GAL4 line expressed in a population of antennal lobe olfactory projection neurons to drive expression of CD8-GFP. They were then able to identify and reproducibly record olfactory responses from the labelled cells (35) .
Although the talented electrophysiologists working with Drosophila will undoubtedly continue to make progress in coming years, no matter how successful they are, they will still be limited to recordings of at most a few neurons at a time. Light-based visualizations of neuronal activation, however, will help to overcome this inherent limitation of electrophysiology. Wang et al. were able to visualize similar odorant responses of olfactory projection neurons using G-CaMP (36), a calcium-sensitive derivative of GFP (37) . Genetically encoded calcium indicators like G-CaMP have less temporal resolution than electrophysiological recordings, but they can be expressed via GAL4/UAS and they make it possible to observe the activation of many neurons simultaneously (38, 39) .
Another strategy for visualizing neuronal activation uses fluorescent indicators of pH, called pHluorins, that were originally isolated in James Rothman's lab (40) . SynaptopHluorin is a pH indicator targeted to the inside of synaptic vesicles, which are acidic. When these vesicles are released into the synaptic cleft during neuronal transmission, the pH rises along with fluorescence. SynaptopHluorin has been expressed, like the calcium indicators, in the Drosophila antennal lobe to measure odorant responses (41) (42) (43) . Like the calcium indicators, however, the pHluorins also suffer from a lack of temporal resolution. As a result, pH-sensitive indicators are likely to be most useful when a summary of synaptic activity is desirable (44) .
These strategies for visualizing neuronal activation should ultimately be accompanied by strategies for visualizing inhibition if we are interested in developing a full description of a particular neural circuit. Clomeleon is a FRET-based indicator of neuronal inhibition that responds to the increases in intracellular chloride ions that accompany GABAergic synaptic inhibition (45) . Clomeleon has been used successfully to measure chloride changes in mouse neurons (46) , and although it has not yet been adapted for use in Drosophila, this advance is surely on the horizon.
Thus far, despite the abundance and rapid improvement of optical tools for visualizing neuronal activity, none have approached the sensitivity or temporal resolution of electrophysiology. It may, however, one day be possible to directly http://bmbreports.org BMB reports (48), and hVOS (49) . Right now, it is still impossible, using available versions of these sensors, to optically record neuronal action potentials. The primary technical limitation is that expressing enough of the fluorescent sensor in neuronal membranes to generate a detectable signal alters membrane capacitance so much as to preclude the production of action potentials (50, 51) . Hopefully, future generations of genetically encoded fluorescent voltage sensors will allow for simultaneous observation of multiple neurons with temporal resolution approaching that of electrophysiology. Until then, a synergistic strategy combining two or more techniques may be the best path forward in understanding the activity of neural circuits.
Manipulation of neural circuits
In addition to simple observation of the morphology and activity of neural circuits, neuroscientists can now manipulate the activity of neural circuits and assess the effect of these manipulations on behavioral outputs. Using the flexibility and power of the GAL4/UAS system makes it possible to express a variety of genetic tools for ablating, inactivating, and activating select groups of neurons (Fig. 3) .
Ablation
Since the first gene knockouts it has been possible to ask questions of genetic necessity: "Is gene X necessary for phenomenon Y?" It is now possible to ask similar questions regarding neurons. Using the GAL4/UAS system to overexpress the cell death genes head involution defective (hid) and reaper (rpr), McNabb et al. were able to connect neurons producing the neuropeptide eclosion hormone with fly ecdysis behaviors (52) . It is also possible to ablate select groups of neurons with an inducible subunit of Diptheria toxin (DT) (53) , but because the toxin is so potent, leaky toxin expression can easily be lethal. Attempts have been made to generate temperature-sensitive versions of DT (54), but these have not proven to be as useful as the cell death genes. Regardless of any other problems that might be associated with genetic ablation, the process is undeniably irreversible. For this reason, genetic tools that cause neuronal inhibition or inactivation are often preferable.
Inactivation
There are two primary methods for irreversibly inactivating neurons. One method uses the slowly inward-rectifying potassium channel Kir2.1 to disrupt the membrane potential of neurons where it is expressed (55, 56) . Another method, which has become more popular, uses the tetanus toxin light chain (TnT) to disrupt neurotransmitter release. Tetanus toxin cleaves neuronal synaptobrevin, which is required for the fusion of synaptic vesicles with presynaptic membranes (57) . This method has been cleverly used in conjunction with a temperature-sensitive GAL80, which inhibits GAL4, to achieve some temporal control over the induction of tetanus toxin, and therefore neuronal inactivation. Kamikouchi et al. used this method to identify components of the neural circuits responsible for the fly's sensitivity to sound and gravity (58) . Even more powerful are methods for reversible control of neuronal activity. A temperature sensitive version of the fly dynamin gene known as shibire (shi ts ) can be used to reversibly inhibit action potentials. Because dynamin is a critical part of the endocytic pathway that recycles neurotransmitter vesicles, at the restrictive temperatures the vesicle pool is rapidly depleted and chemical neurotransmission is blocked. The great thing about using shibire is its reversibility. Kitamoto was able to induce temporary paralysis within a little more than one minute by expressing shi ts in cholinergic neurons. Paralyzed flies regained their ability to stand less than 30 seconds after being moved back to the permissive temperature (59) . More recently, Suh et al. were able to reversibly prevent CO2-evoked avoidance behaviors by expressing shi ts in CO2 receptor neurons (60) .
Activation
Several inducible transgenes have been developed that allow drosophilists to irreversibly and reversibly activate genetically defined groups of neurons. By analyzing the subsequent effects on a given behavior, the role of each set of neurons in producing that behavior can be assessed. By overexpressing a bacterial sodium channel, NaChBac, in neurons implicated in controlling circadian rhythms, Nitabach et al. were able to hyperexcite neurons involved in the circadian clock and alter circadian periodicity (61) . Although this strategy was used recently to identify neurons involved in regulating metabolism and food intake (62), it is irreversible. In fact, it lacks any sort of temporal control other than that inherent to the GAL4 line http://bmbreports.org used for sodium channel overexpression. In order to gain some element of control over the induced activation, Marella et al. expressed the vertebrate capsaicin receptor, the TRPV1 ligand-gated cation channel, in Drosophila taste neurons. Wild type flies do not respond to capsaicin, the active ingredient in hot chili peppers. Flies expressing the capsaicin receptor in their taste neurons, however, respond either appetitively or aversively to capsaicin depending on the identity of the neurons in which the TRPV1 receptor is expressed (63) . This method provides some temporal control over neuronal activation, but delivery of capsaicin is not trivial in the central brain.
Light-based techniques may provide the path forward. Lima and Miesenböck were able to use light to remotely control the Drosophila Giant Fiber (GF) neurons, which act in a fast escape circuit. They expressed the ATP-gated cation channel PGX2 in the GF neurons and microinjected the fly central nervous system with ATP attached to a photo-labile protecting group. They then used laser pulses to activate the ATP, which, in turn, activated the PGX2 receptor. The activated PGX2 activated the GF neurons and the flies performed a quick escape jump maneuver (64) . This method has also been used more recently to identify distinct patterns of neuronal activation that control aspects of fly courtship behavior (65) .
Although this method provides nice temporal control of neuronal activation, it still requires the microinjection of the CNS with photo-activatable substrate. The use of Channelrhodopsin-2 (ChR2), which is a light-activated cation channel, overcomes this limitation because it only requires that the co-factor all trans-retinal be included in the fly food (66) . In a classical conditioning protocol, Schroll et al. trained fly larvae to associate certain odors with a salt punishment and certain odors with a sugar reward. They achieved similar memory performance in larvae expressing ChR2 in dopaminergic neurons or octopaminergic neurons by using conditioning protocols in which the punishments or rewards were substituted with blue light (67). Suh et al. extended ChR2-activated behavioral analysis to adult flies by expressing ChR2 in the olfactory neurons that detect CO2. Blue light was sufficient to trigger robust avoidance behavior that mimicked CO2-avoidance in these flies (68) . Another recent report combined the use of TnT-mediated inactivation and ChR2-mediated activation to describe how distinct classes of nociceptive neurons trigger sequential writhing movements that allow Drosophila larvae to escape parasitic wasps attempting to deposit eggs inside their bodies (69) . These light-induced activation techniques allow a sort of "remote control" of fly behavior that seems to comes straight from science fiction, but these techniques are being quickly standardized as yet another powerful tool in the drosophilist's toolbox.
Conclusion
With this review I have attempted to introduce the amazing power and flexibility of the GAL4/UAS system and its many variants for attacking the problems of behavioral neurobiology.
Drosophila accomplish complex behaviors with a much less complicated nervous system than our own. As more research groups decide to tackle behavioral circuit analysis in flies, we can expect continued improvement in the tools we have in our arsenal. I hope future generations of "fly pushers" will be as excited as I am about the prospects of fully understanding the neurological basis of the behavior of this animal as well as others.
